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Abstract
Here we consider the tree level corrections to electroweak (EW) observables from standard
model (SM) particles propagating in generic warped extra dimensions. The scale of these cor-
rections is found to be dominated by three parameters, the Kaluza-Klein (KK) mass scale, the
relative coupling of the KK gauge fields to the Higgs and the relative coupling of the KK gauge
fields to fermion zero modes. It is found that 5D spaces that resolve the hierarchy problem
through warping typically have large gauge-Higgs coupling. It is also found in D > 5 where the
additional dimensions are warped the relative gauge-Higgs coupling scales as a function of the
warp factor. If the warp factor of the additional spaces is contracting towards the IR brane, both
the relative gauge-Higgs coupling and resulting EW corrections will be large. Conversely EW
constraints could be reduced by finding a space where the additional dimension’s warp factor is
increasing towards the IR brane. We demonstrate that the Klebanov Strassler solution belongs
to the former of these possibilities.
1p.archer@sussex.ac.uk
2s.huber@sussex.ac.uk
1 Introduction
For over a decade now, much interest has been paid to the possibility of warped extra dimensions,
principally because they offer a non-supersymmetric resolution to the hierarchy problem [1]. Since
its original proposal the Randall and Sundrum (RS) model has been extended to allow standard
model (SM) particles to propagate into the bulk [2][3][4][5], offering explanations for the flavour
hierarchy [6][7] as well as the suppression of flavour changing neutral currents [7][8]. The RS model
has now grown into a large and varied framework for building models of new physics. However the
vast majority of this work is restricted to considering the original 5D slice of AdS space. While
the RS model may be considered as a toy model, it does have motivations from AdS/CFT, where
it has been proposed that it may arise as the dual of N = 4 Super Yang Mills with a IR/UV cut
off [9]. Again since the original proposal of AdS/CFT [10], many other duals have been found, for
example [11][12]. This and the partial success in using AdS/CFT to model QCD suggests there
may be many more out there and that it is perhaps unwise when model building is restricted to
straight AdS5 × S5 or for that matter just AdS5.
Further motivation for looking beyond pure AdS5 comes from studying electroweak (EW) con-
straints: With SM fields in the bulk, the Kaluza-Klein (KK) scale is pushed to at least 10 TeV
[2][13]. Well known mechanisms for relaxing these bounds involve large brane kinetic terms [14]
or a left-right symmetric extension of the SM gauge group [15]. In both cases the KK scale can
be brought down to a few TeV. It is natural to ask if this picture remains unchanged if the RS
framework is generalized. Obviously, this issue is of direct relevance to the LHC experiment.
With the LHC now in operation it is of the upmost importance to keep models as generic as possible
so as to not misinterpret any signals. For example a W ′ or Z ′ boson is one of the feasible early
discoveries and clearly it would be useful to know if we can ascribe them to extra dimensions.
With this in mind here we consider the electroweak (EW) constraints arising from a generic D-
dimensional warped background. Work has already been done looking at AdS5×Mδ [16][17] where
little deviation from the 5D RS model was found. It has also been shown for generic 5D models,
without custodial symmetry, that resolving the hierarchy problem one does typically get quite large
EW constraints [18]. Also work has been done going beyond AdS5 with deformed conifolds [19]
and on AdSD [20][21].
In this work we generalize the work described above and study in detail electroweak constraints in
modifications of the original RS geometry, both in five and higher dimensions. Here we consider a
D-dimensional space warped with respect to a single extra dimension and bounded by two branes
(IR and UV). Electroweak symmetry is broken by a Higgs localised on the IR brane while the SM
fermions and gauge fields are free to propagate in the bulk. In section 2 we describe this model in
more detail an consider the bulk gauge and fermion fields.
Allowing the SM particles to propagate in the bulk leads to a tree level contributions to the EW
observables. In section 3 these corrections are computed and it is found that they are largely
dependent on three parameters, the coupling between the KK gauge fields and the Higgs, the
fermion zero mode coupling to the KK gauge fields and the KK mass scale. Taking a best case
scenario in which the fermions are localised away from the KK gauge fields and hence the relative
gauge-fermion coupling is suppressed, the lower bound on the KK scale is then determined by the
1
size of the relative gauge-Higgs coupling.
In section 4 we move on to look at the relative gauge-Higgs coupling. Firstly in 5D where it is
found a space that resolves the hierarchy problem through warping and has a small coupling would
be quite contrived. Hence we agree with [18] in saying that large EW constraints appear to be a
generic feature of 5D warped spaces. On the other hand in D dimensions it is found that where the
additional dimensions are also being warped the volume enhancement/suppression of the couplings
are different for the KK modes than for the zero modes. The result is the relative gauge-Higgs
couplings scale as a function of the overall warp factor. We finish by testing this result by computing
the relative coupling for gauge fields propagating in a 10D solution of type IIb supergravity, the
Klebanov-Strassler solution [12], and find them to be very large. In section 5 we conclude.
It should be stressed that our interests are in a low energy effective theory and hence, for example,
we do not consider any back-reaction effects or other high energy effects. It also should be pointed
out that although we mostly focus on a potentially large gauge-Higgs coupling, all matter on the
IR brane will couple in a similarly strong way.
2 General Framework
2.1 The Metric
Here we consider a D-dimensional warped space of the form
ds2 = a2(r)ηµνdx
µdxν − b2(r)dr2 − c2(r)dΩ2δ , (1)
where ηµν = diag(+ − −−) is the 4D Minkowski metric, and r parametrizes the warped 5th
dimension. We also allow for an additional internal manifold that is described by dΩ2δ = γijdφ
idφj ,
with i, j running from 1 . . . δ. The total spacetime dimension is D = 4 + 1 + δ. Note that it is
always possible to set b = 1 with a coordinate transformation r → r˜ = ∫ rc b(rˆ)drˆ, however including
b allows us to analytically express a greater range of spaces.
As with other warped scenarios we cut the space off with two branes. The UV brane is defined to
be located such that a(ruv) = 1. On the IR brane at rir the Higgs is localised. The 4D effective
Higgs mass will then be suppressed down from its fundamental value mfund by
m24D = a
2(rir)m
2
fund (2)
while the 4D Planck mass will scale, relative to its fundamental value Mfund, as
M2P ∼
∫
dδ+1x a2bcδ
√
γ M δ+3Fund. (3)
The now well known extra dimensional resolution to the gauge hierarchy problem is to suppose that
the fundamental Higgs mass is of the same order as the fundamental Planck mass. In the ADD
model volume effects are used to suppress the fundamental Planck scale down to the EW scale
[22][23]. On the other hand in the RS model these volume effects are only of order one, while the
2
Higgs mass is exponentially suppressed by gravitational red shifting. Both effects can be at work
at the same time, so when considering warped extra dimensions the amount of warping required to
resolve the hierarchy problem is dependent on the volume of the space. Here we parameterise this
in terms of the warp factor defined to be Ω ≡ a(rir)−1 (not to be confused with the metric of the
internal manifold) and note that without the volume effect, a warp factor of Ω ∼ 1015 is required to
solve the hierarchy problem. Alternatively, one could postpone the full resolution of the hierarchy
problem to a higher energy and reduce the UV cut off to a scale much lower than the Planck scale,
as in the little RS model. This would essentially amount to a reduction in the required value of Ω
and as in the 5D case [24], one would anticipate this reducing the EW constraints.
2.2 Bulk Gauge Fields
We now compute the low energy effective action of a gauge field propagating in the bulk (1)
described by
S =
∫
dDx
√−G
[
−1
4
AMNA
MN
]
, (4)
where AMN is the higher-dimensional field strength tensor. Expanding and integrating by parts
gives
S =
∫
dDx
[
− 1
4
bcδ
√
γAµνA
µν − 1
2
∂r
(
a2b−1cδ
√
γ∂rAµ
)
Aµ
−1
2
∑
φi,φj
∂φi
(
a2bcδ−2
√
γγij∂φjAµ
)
Aµ + . . .
]
where we have assumed that Aµ satisfies either Neumann or Dirichlet boundary conditions (BCs).
In practice we want to describe SM particles with the zero-mode which requires Neumann BCs.
The dots represent the remaining terms which are either higher order in Aµ or contain the higher-
dimensional components of the gauge field. While it is always possible to gauge away one of these
components, the four dimensional theory would still be left with δ effective scalar fields. Since we
do not observe any low mass charged scalar fields it is necessary to fix the boundary conditions
such that these field do not gain zero modes. In the following we will assume that this possible.
Further still imposing Dirichlet boundary conditions on the gauge-scalars will ensure they largely
decouple from the electroweak sector.
We decompose the field as
Aµ =
∑
n
A(n)µ (x
µ)fn(r)Θn(φ1, . . . , φδ) (5)
such that ∫
d1+δx bcδ
√
γfnfmΘnΘm = δnm, (6)
then the low energy effective action is given by
Seff. =
∫
d4x
∑
n
[
−1
4
A(n)µν A
µν
(n) +
1
2
m2nA
(n)
µ A
µ
(n) . . .
]
(7)
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where mn is given by
f ′′n +
(a2b−1cδ)′
(a2b−1cδ)
f ′n −
b2
c2
αnfn +
b2
a2
m2nfn = 0. (8)
Here ′ denotes the derivative with respect to r, and αn is the eigenvalue of the Laplacian operator
− 1√
γ
∂φi(
√
γγij∂φjΘn) = αnΘn.
Note that there is now a degeneracy in the KK spectrum corresponding to the “harmonic” modes,
i.e. modes that are related to excitations in the δ additional dimensions. However, generally αn > 0
and so the mass of the first “harmonic” mode will always be greater than the corresponding “non-
harmonic” mode.
2.3 Fermions
In 5D it is well known that by choosing a suitable 5D Dirac mass the bulk fermions zero modes
can be localised towards the UV brane [4], resulting in suppressed couplings with the KK gauge
fields. The low energy, 4D effective chiral theory is achieved by an appropriate choice of boundary
conditions. However these results do not straight forwardly apply to D> 5 dimensions. In even
dimensions, where the fermions can be described by a 2
D
2 -component Dirac representation, the
introduction of a Dirac mass term would only be possible if the higher dimensional theory was non
chiral. This could potentially lead to more than one zero mode of the 4D 2-component Weyl spinor.
In odd dimensions where the Dirac representation would be a 2
D+1
2 vectorial quantity, Dirac masses
are allowed. In both cases it is probably possible to choose appropriate orbifolding to ensure the
correct 4D chiral theory [20][25]. However it is not straight forward to do so while still working
with a generic dimensionality.
Here we consider a ‘best case scenario’ in which the fermions are free to propagate in the bulk and
could potentially be localised away from the gauge fields. We assume that included in the higher
dimensional fermion is a 2-component Weyl spinor(ψL) and that due to appropriate boundary
conditions, only this part of the fermion gains a zero mode. The alternative to this scenario is of
course to localise the fermions on the IR brane in which case the relative gauge-fermion coupling
would be the same as the relative gauge-Higgs coupling (see section 3).
As we shall see the tree level EW constraints are only dependent on the zero mode of ψL and even
then they are in practice dominated by the gauge-Higgs coupling. So here we leave it to future
work to investigate the full phenomenological implications of bulk fermions and instead rather
schematically refer to the KK decomposition of ψL,
ψL =
∑
n
ψ
(n)
L (x
µ)f
(n)
L (r)Θ
(n)
L (φ1, . . . , φδ) (9)
with the orthogonality relation∫
dδ+1xa3bcδ
√
γf
(n)
L f
(m)
L Θ
(n)
L Θ
(m)
L = δnm (10)
chosen such that the kinetic term of the Lagrangian is orthogonal.
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3 The Electroweak Sector
We assume that the electroweak symmetry is broken by a Higgs boson and that in order to resolve
the gauge hierarchy problem the Higgs must be localised close to the IR tip of the space. This
then presents two possibilities, firstly that the Higgs is localised to a 3-brane and hence not free to
propagate in the internal manifold. So the EW sector would be described by
S =
∫
dDx
√−G
[
− 1
4
AaMNA
MN a − 1
4
BMNB
MN +
∑
Ψ
(
iΨ¯EMA Γ
A∇MΨ−MΨ¯Ψ
) ]
+
∫
d4x
√−gir
[|DµΦ|2 + V (Φ)] , (11)
where gµνir is the induced metric G
µν(xµ, rir, φir). AMN and BMN are the field strength tensors for
the SU(2) and U(1) gauge fields. While EMA is the vielbein defined such that E
A
MηABE
B
N = GMN .
As mentioned earlier we include a bulk Dirac mass (M) assuming a best case scenario in which the
fermions are localised away from the gauge fields.
The second option is that the Higgs is localised only in the one warped co-ordinate, r, and is free
to propagate in the internal manifold. Hence it would be described by
S =
∫
dDx
√−G
{
− 1
4
AaMNA
MN a − 1
4
BMNB
MN +
∑
Ψ
(
iΨ¯EMA Γ
A∇MΨ−MΨ¯Ψ
)
+
δ(r − rir)
b
[
|DµΦ|2 + V (Φ)
]}
. (12)
In computing the low energy effective action we are faced with two equivalent options, either to
carry out the KK decomposition pre spontaneous symmetry breaking (SSB) or post SSB. Post SSB
the boundary mass term will induce a non trivial BC but the resulting terms of KK modes will all
be orthogonal. On the other hand pre SSB one can use the original Neumann or Dirichlet BCs but
the Higgs terms will mix the KK modes, and hence the mass matrix will gain off diagonal terms.
It is the latter option that we use here. Let us return to our two possible Higgs localisations. The
first terms of the actions can be expanded as described in the previous section, while the covariant
derivative is now given as
Dµ = ∂µ +
∑
n
(
−igfnΘnAa(n)µ τa − iY g′fnΘnB(n)µ
)
. (13)
The EW symmetry is broken by Φ→ a(r
−1
ir
)√
2
(
0
v +H
)
. We perform the usual field redefinitions
A1(n)µ =
1√
2
(
W+(n)µ +W
−(n)
µ
)
A2(n)µ =
i√
2
(
W+(n)µ −W−(n)µ
)
A3(n)µ = cZ
(n)
µ + sA
(n)
µ B
(n)
µ = cA
(n)
µ − sZ(n)µ
where
c ≡ g√
g2 + g′2
s ≡ g
′√
g2 + g′2
. (14)
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The gauge field mass matrices can then be computed from the Higgs kinetic term. We can now
see the difference between the two models. When the Higgs is free to propagate in the internal
manifold (12) the ‘harmonic modes’, orthogonal under (6), will decouple from the gauge-zero mode
mass term and hence
|DµΦ|2 ⊃
∑
n,m
g2v2
4
fnfmW
+(n)
µ W
−(m)µ +
(g2 + g′2)v2
8
fnfmZ
(n)
µ Z
µ(m) (15)
where fn = fn(rir). On the other hand, where the Higgs is localised to a 3-brane (11) the orthogo-
nality relations cannot generally be applied and hence
|DµΦ|2 ⊃
∑
n,m
g2v2
4
fnΘnfmΘmW
+(n)
µ W
−(m)µ +
(g2 + g′2)v2
8
fnΘnfmΘmZ
(n)
µ Z
µ(m) (16)
Bearing in mind that for a given mn, Θn will typically contain a sum over allowed degeneracies and
hence ΘnΘm will typically be a sub matrix. Hence when the Higgs is localised on a 3-brane there
are more modes mixing with the zero mode in the mass matrix. However, the EW corrections will
be largely dominated by the first KK mode, which, as already mentioned, will always correspond
to a αn = 0 non-harmonic mode.
3.1 Electroweak Observables
It is well known that extra dimensions contribute corrections to EWOs at tree level. Such corrections
are suppressed by the KK scale and so a lower bound on the KK scale can be computed. Often
these corrections are parameterised in terms of S and T parameters [26]. However, here we think it
is more transparent to compute the corrections to the EWO’s explicitly. Before one can compute
the corrections to a given observable it is necessary to fix the input parameters, g, g′ and v. Ideally
this would be done through a χ2 test. However, for the purpose of this study it is sufficient to fix
these parameters by comparison with the three most precisely observed quantities [27],
αˆ(MZ)
−1 = 127.925±0.016 Gf = 1.166367(5)×10−5 GeV−2 MˆZ = 91.1876±0.0021 GeV. (17)
Before going any further it is useful to note that the W and Z boson KK masses are given as
eigenvalues of the matrices
(M2W )mn = m
2
nδmn +
g2v2
4
fnfm (M
2
Z)mn = m
2
nδmn +
(g2 + g′2)v2
4
fnfm. (18)
When the Higgs is localised to a 3-brane, the same expression arises, but with Θn’s included. We
also define the gauge fermion coupling
f
(l,n,m)
ψ ≡
∫
dδ+1x ba3cδ
√
γ f
(l)
L Θ
(l)
L fnΘn f
(m)
L Θ
(m)
L .
It is worth pointing out that the bulk fermion zero mode will be constant in the φ direction and
hence will decouple from the gauge fields harmonic modes using (6). Hence the gauge harmonic
modes would not contribute to most SM tree level processes involving fermions. On the otherhand
if the fermions were localised to the brane the gauge harmonic modes would be relevant.
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Figure 1: The constraints on the 5D RS model with the SM propagating in the bulk. Plotted is the lower bound
on the first KK gauge mass (∼ 2.45MKK ) arising from comparison with experimental error on the EWO’s; S
2
Z (Red
line), MW (blue line), ΓZ (green line), Γhad (black line), Re (blue dots), Γinv (red dots), Γl+l− (green dots) and
Ae (black dots). On the horizontal axis is plotted the 5D Dirac mass, c =
M
R
with c < −0.5(> −0.5) meaning the
fermions are localized towards the UV (IR) brane.
Likewise if we were to consider models where the fermions are localised to 3-branes then f
(n)
ψ =
fn(rir)Θn(φir), i.e. proportional to the gauge Higgs coupling. Also it should be noted that in order
get the actual gauge fermion couplings, one would need to rotate to a basis where the gauge boson
mass matrix is diagonal, i.e. if UZ is a unitary matrix such that UZ(M
2
Z)U
−1
Z is diagonal then the
Z boson-fermion coupling would be given as f
(l,m,k)
Z = (U
−1
Z )
mnf
(l,n,k)
ψ . With these definitions our
input observables are then given at tree level as
Mˆ2Z =
(
UZ(M
2
Z)U
−1
Z
)
00
(19)√
4πα(MZ) =
gg′√
g2 + g′2
f
(0,0,0)
ψ (20)
4
√
2Gf = g
2(f
(0,m,0)
ψ )
† (M2W )
−1
mnf
(0,n,0)
ψ (21)
The equations can then be solved for g, g′ and v and the remaining EWO’s can be computed
and compared with experimental results. The analysis used here aims at determining the minimal
KK scale such that the deviation between the tree level EWO and the tree level standard model
predicted value was within 2σ of the experimental result. Since we are just working to tree level we
compare to LEP 1 Z pole data. What is typically found is that the tightest constraint comes from
the weak mixing angle S2Z . As way of an example the results for the 5D Randall and Sundrummodel
are shown in figure 1. These results give comparable constraints to existing studies [28][13][14][2].
However before considering specific models, in the interests of generality, it is useful to look at how
these EW corrections depend on generic couplings.
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3.2 Approximate Expressions for the EW Corrections
To proceed we have to diagonalise the mass matrices. Here we use a perturbative approach outlined
in [29]. In any realistic model the off diagonal terms will be relatively small. So given a matrix of
the form
M =


A1 B12 B13 · · · B1N
B12 A2 B23 · · ·
B13 B23 A3
...
...
. . .
B1N AN


When A≫ B the eigenvalues are approximately λn ≈ An−
∑
i 6=n
B2ni
Ai−An andM can be diagonalised
by
U−1 ≈


1 − B12A2−A1 − B13A3−A1 · · ·
B12
A2−A1 1 − B23A3−A2
B13
A3−A1
B23
A3−A2 1
...
...
. . .

 (22)
Before we apply this to our case it is useful to define the relative gauge-Higgs coupling and the
relative gauge fermion coupling to be
Fn ≡ fn(rir)
f0(rir)
or Fn ≡ fn(rir)Θn(φir)
f0(rir)Θ0(φir)
and F
(n)
ψ ≡
f
(0,n,0)
ψ
f
(0,0,0)
ψ
.
Clearly Fn may include a sum over the degenerate harmonic modes. We also define the SM W and
Z masses
m2w ≡
g2v2
4
f0(rir)
2 and m2z ≡
(g + g′ 2)v2
4
f0(rir)
2.
We start by computing the correction to the weak mixing angle which at tree level can be related
to our input observables by
s2Z =
πα√
2Gf
f
(0,m,0)
ψ (M
2
W )
−1
nmf
(0,n,0)
ψ
(f
(0,0,0)
ψ )
2
.
The inverse of the W mass matrix has the relatively simple form
(M2W )
−1 =


(M2W )
−1
00 − F1m2
1
− F2
m2
2
· · · − Fn
m2n
− F1
m2
1
1
m2
1
0 · · ·
− F2
m2
2
0 1
m2
2
...
...
. . .
− Fn
m2n
1
m2n


where
(M2W )
−1
00 =
1
m2w
+
∑
n=1
F 2n
m2n
8
and hence
s2Z =
πα√
2Gf

 1
m2w
+
∑
n=1
(
Fn − F (n)ψ
)2
m2n

 . (23)
We can solve for m2w by noting that m
2
w = m
2
z(1− s2Z) and using the above relation that
Mˆ2Z ≈ m2z
(
1−
∑
n=1
m2zF
2
n
m2n
+O(m−4n )
)
If we now define the predicted weak mixing angles to be
s2p =
1
2
(
1−
√
1− 4πα√
2GfMˆ
2
Z
)
, c2p =
1
2
(
1 +
√
1− 4πα√
2GfMˆ
2
Z
)
. (24)
Then after a little algebra one arrives at the result
s2Z ≈ s2p

1− c2p
c2p − s2p
∑
n=1

m2zF 2n
m2n
−
m2w
(
Fn − F (n)ψ
)2
m2n

+O(m−4n )

 . (25)
Likewise the correction to the W mass can be computed using an analogous method
M2W ≈ c2pMˆ2Z

1 +∑
n=1
[
(m2z −m2w)F 2n
m2n
]
+
s2p
c2p − s2p
∑
n=1

m2zF 2n
m2n
−
m2w
(
Fn − F (n)ψ
)2
m2n

+O(m−4n )

 .
(26)
Note that provided F
(n)
ψ < Fn, the W mass is always shifted in the correct direction with regard
to recent precision measurements at the Tevatron [30]. Another quantity of importance for EW
observables is the extent to which the Z coupling is perturbed by the boundary mass, which using
(22) is given by
√
g2 + g′ 2f (0)Z ≈
√
g2 + g′ 2f (0)ψ

1−∑
n=1
m2zFnF
(n)
ψ
m2n
+O(m−4n )

 . (27)
This shows that the size of the EW corrections is determined by three quantities, the relative gauge-
Higgs coupling Fn, the relative gauge-fermion coupling F
(n)
ψ and the of course the KK mass scale.
In our best case scenario where the F
(n)
ψ can be suppressed by, for example localising towards the
UV brane, then the lower bound on the KK scale arising from EW corrections is largely determined
by the scale of Fn. For example the 5D RS model with Fn ≈ 8.3 (for Ω = 1015) typically has much
larger constraints than that of universal flat extra dimensions with Fn ≈
√
2.
A well known cure for these large constraints is to impose a custodial SU(2)R ×SU(2)L symmetry
on the bulk which essentially fixes ρ ≡ m2w
c2m2z
to be 1 [15]. The result of this is that when the
additional SU(2)R gauge field is included in the
(m2z−m2w)F 2n
m2n
term, it cancels to zero and hence the
EW constraints would be linearly dependent on Fn rather than quadratically. But none the less
a large value of Fn will mean the KK mass scale must also be large. The remainder of this paper
will be focused on determining which geometries result in large values of Fn.
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4 The Relative Gauge-Higgs Coupling
The relative gauge-Higgs coupling is given by
Fn =
√∫
bcδ
√
γ dδ+1x fn(rir)Θn(φir)√∫
bcδ
√
γf2nΘ
2
n d
δ+1x
. (28)
However even in the case when the Higgs is localised to a 3-brane the EW constraints will be
dominated by the first KK mode which will be a non-harmonic mode where Θn is a constant. So
here we are mostly interested in
Fn =
√∫
bcδ dr fn(rir)√∫
bcδf2n dr
. (29)
Before considering D > 5 it is worth briefly looking at 5D.
4.1 Are Large Fn Values a Generic Feature of Backgrounds that Resolve the
Hierarchy Problem?
Here we look at the question (first considered in [18]), can a background be found that resolves the
hierarchy problem and still has small EW constraints. If we start by rewriting the 5D version of
(8), i.e. with δ = αn = 0 as(
a2b−1 exp
[∫ r
c
f ′′(r˜)
f ′(r˜)
dr˜
])′
= −bm2n
f
f ′
exp
[∫ r
c
f ′′(r˜)
f ′(r˜)
dr˜
]
.
This can be solved for a(r)
a2(r) =
−Km2nb(r)
∫ r
c b(r˜)fn(r˜)dr˜
f ′n(r)
, (30)
where K is a constant of integration. In order to determine whether a space resolves the hierarchy
problem or not, we are interested in the warp factor defined to be Ω = a−1(rir). But clearly under
Neumann BC’s (30) is ill defined. So evaluating (30) at the boundaries
a2(rir/uv) = lim
δ→0
a2(rir/uv + δ) =
−Km2nb2(rir/uv)fn(rir/uv)
f ′′n(rir/uv)
and fixing the the UV brane at a(ruv) = 1 then we arrive at the expression
Ω2 =
b2(ruv)fn(ruv)f
′′
n(rir)
b2(rir)fn(rir)f ′′n(ruv)
. (31)
That is to say the wave function of a gauge field propagating in a space with a warp factor Ω would
satisfy this condition. Typically one would require Ω to be large of order ∼ 1015. In the RS model
this is obtained predominantly with a small value of f ′′n(ruv). However an important point is that
the required size of Ω is determined by the relative scaling of the fundamental Planck mass (3).
A space of large volume would suppress the fundamental Planck mass and not require as large a
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warp factor. Assuming for the moment Ω must be very large. We could, for example, get Fn ∼ 1 if
fn was close to constant for most of the space but, in order to generate a large warping, the wave
function would have to either blow up (or be suppressed) in the UV (IR) while simultaneously the
second derivative would have to be small (or large). Alternatively the warping could be achieved
through the b term but this would have to be done such that the 4D Planck mass was not enhanced.
Of course metrics can always be written down that satisfy these conditions but here we agree with
[18] in saying that such metrics would be in danger of being contrived.
4.2 Fn for a Space with a Varying Radius in the Internal Manifold
Returning now to the case of D dimensions it is trivial to see, in (8) and (29), that when c(r)
is constant there is no deviation in the wavefunctions between the 5D modes and the non har-
monic modes. There is also clearly no deviation in the relative gauge-Higgs coupling. Hence the
phenomenological implications of considering D > 5, where the internal manifold has a constant
radius, will come predominantly from the degeneracy resulting from the harmonic modes [17].
However here we consider a toy model of a D-dimensional space where the radius of the internal
space scales as a power law with respect to the warped dimension
ds2 =
r2
R2
ηµνdx
µdxν − R
2
r2
(
dr2 +
r2+a
Ra
dΩ2δ
)
. (32)
Clearly if one sets δ to zero and makes the co-ordinate transformation r = exp(− yR), then one
regains the Randall and Sundrum metric. Further a = 0 corresponds to the AdS5×Mδ studied in
for example [16]. Here we set ruv = R and rir = R
′, such that R′ 6 r 6 R and Ω = RR′ . However
as mentioned before the size of warp factor required to resolve the hierarchy problem is dependent
on the scaling of the Planck mass (3)
M2P ∼
(∫
dδx
√
γ
)
2
4 + aδ
Rδ+1
(
1−
(
1
Ω
)2+ aδ
2
)
M δ+3fund. (33)
If we assume that
(∫
dδx
√
γ
)
is of order one and 2 + aδ2 > 0 then when R ∼ M−1P a warp factor
of Ω ∼ 1015 would resolve the hierarchy problem. The gauge field wavefunctions would then be
described by (8) as
f ′′n +
6 + aδ
2r
f ′n −
Ra
r2+a
αnfn +m
2
n
R4
r4
fn = 0. (34)
If we now consider the non harmonic modes (αn = 0 and Θn = constant) then (34) can be solved
to give
fn =
N
r1+
aδ
4
(
J−1− aδ
4
(
R2mn
r
)
+ βY−1− aδ
4
(
R2mn
r
))
. (35)
If we now define mˆn ≡ R2mnR′ then under Neumann BC’s
β = −
J− aδ
4
(mˆnΩ
−1)
Y−aδ
4
(mˆnΩ−1)
and
J− aδ
4
(mˆn) + βY− aδ
4
(mˆn) = 0.
11
The normalisation constant is given by
N−2 =
R1+δ−
aδ
2
(R′mˆn)2
[
x2
2
(
Jv(x)
2 − Jv−1(x)Jv+1(x) + β2
(
Yv(x)
2 − Yv−1(x)Yv+1(x)
)
+β
(
2Yv(x)Jv(x)− Yv−1(x)Jv+1(x)− Jv−1(x)Yv+1(x)
))]mˆn
mˆnΩ−1
Where v = −1 − aδ4 . If we assume that β is small and that Ω is large then we can make the
approximation
fn(R
′) ∼
√
2√
R1+δ
Ω
aδ
4 .
The zero mode on the other hand is given by
f0 =


1√
R1+δ ln(Ω)
for a = 0 or δ = 0
1√
2R1+δ
aδ
[
1−Ω− aδ2
] otherwise
Putting this together we find that when Ω is large and β is small then the gauge-Higgs coupling is
given by
Fn ∼
{ √
2 lnΩ for a = 0 or δ = 0
2√
aδ
Ω
aδ
4 otherwise
(36)
This is only an approximate result which tends to break down for β & −0.2, but it does emphasize
an important result. Notably that in spaces where the size of the internal manifold grows (or
shrinks) towards the UV then the gauge-Higgs coupling scales as a function of the warp factor.
The exact couplings are shown in figure 2. In the case where the space shrinks towards the UV the
coupling asymptotes to one and hence in theory a space could be found that resolves the hierarchy
problem and has lower EW constraints than that of UED’s. On the other hand where the internal
spaces are growing towards the UV the coupling blows up and the KK gauge modes would become
strongly coupled. In this case the tree level perturbative EW analysis done here would not be valid
but it is reasonable to assume the EW constraints would be large. Although here we have looked
at spaces growing as a power law it is straight forward to check that the effect also appears when
the space is for example growing exponentially. One should not really be surprised by this result
since it is just the volume enhancement / suppression of the coupling as used in the ADD model.
Although it is not exactly the same since here it is the relative coupling that is of importance and
hence a universal scaling of both the zero mode and KK mode would have no effect. But it is in
warped scenarios, where the volume effect in the overlap integral scales the KK modes differently
from the zero mode, that we get a phenomenological effect. This effect has also been observed in
[20].
To get an idea of the size of the constraints one can calculate the constraints arising from s2Z for a
10D space for three cases corresponding to fermions localised to the IR brane (F
(n)
ψ = Fn), fermions
localised away from the gauge fields (F
(n)
ψ = 0.1Fn) and fermions completely decouple from the
gauge fields (F
(n)
ψ = 0). When a = −0.05 one obtains the lower bounds on the first gauge mode
mass of approximately 14TeV, 9TeV and 7TeV. While when a = 0 one obtains constraints similar
12
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Figure 2: The relative gauge Higgs coupling for gauge fields propagating in a D-dimensional space
with a internal manifold growing as ra. Here R = 10−18 however in practice the results are not
very sensitive to this number.
to those of the RS model, 30TeV, 19TeV and 15TeV. However if a = 0.05 the constraints rise to
127TeV, 78TeV and 61TeV.
Of interest to us now is the question, is it ‘realistic’ to consider spaces with growing internal
manifolds? Here we consider the effect of letting gauge fields propagate in a popular solution of
type IIb supergravity [12].
4.3 The Klebanov-Strassler Solution
Both AdSD and AdS5 ×Mδ spaces suffer from a conical singularity in the IR and hence in order
to consider QFT’s propagating in such a background it is necessary to cut the space off with an IR
brane. The Klebanov- Strassler solution, corresponding to the dual ofN = 1 SU(N+M)×SU(N),
is a deformed conifold and hence has no such singularity. Unfortunately it has a quite complex
form and hence can only really be investigated numerically. The metric is then
ds210 = h
− 1
2 (τ)ηµνdx
µdxν − h 12 (τ)ds26 (37)
where
h(τ) = 2
2
3 (gsMα
′)2ǫ
−8
3 I(τ)
I(τ) =
∫ ∞
τ
dx
x coth x− 1
sinh2 x
(sinh(2x)− 2x) 13 .
13
While the internal manifold is described by
ds26 =
1
2
ǫ
4
3K(τ)
[
1
3K3(τ)
(dτ2 + (g5)2) + cosh2(
τ
2
)[(g3)2 + (g4)2] + sinh2(
τ
2
)[(g1)2 + (g2)2]
]
where g1 to g5 are a diagonal combinations of the angular coordinates, ǫ is a parameter specifying
the conic radius at which deforming begins and
K(τ) =
(sinh(2τ)− 2τ) 13
2
1
3 sinh(τ)
.
In the IR we assume the Higgs is localised to a point τir close to τ = 0 while we still cut the space
off at τuv such that h(tuv) = 1. The gauge field propagates in the bulk. For small τ you can make
the approximation τ (3K3(τ))−1 ≈ cosh2(τ) and write the internal manifold as
ds26 ≈
1
2
ǫ
4
3K(τ)
[
dτ2
3K3(τ)
+ cosh2(
τ
2
)dΩ23 + sinh
2(
τ
2
)dΩ22
]
, (38)
where dΩ23 and dΩ
2
2 are the line elements for S
3 and S2. Hence the space is growing towards the
UV and so we would anticipate the gauge-Higgs couplings to become large. The non-harmonic KK
modes of gauge fields propagating in such a background are then described by (8)
f ′′n +
(
h′(τ)
2h(τ)
+ 2 coth(τ)
)
f ′n +
ǫh(τ)
6K2(τ)
m2nfn = 0 (39)
Where now the orthogonality relation is given by∫
dτ
h
3
2 sinh2(τ)ǫ4
24
fnfm = δnm. (40)
Due to the inaccuracies associated with using splines in differential equations we also approximate
I(τ) ≈ I0 + aτ
8(τ − 14 )
1 + bτ2 + cτ8e
4τ
3
where I0, a, b and c are choosen so as to fit with the exact function. In practice we take I0 ≈ 0.71805,
a ≈ 0.03, b ≈ 0.278 and c ≈ 0.0126. The gauge Higgs couplings are then plotted in figure 3. As
expected the relative couplings become large, e.g. for Ω = 1015 we have F1 ≈ 210. Unlike in the
RS model the KK modes do not couple with approximately equal strength.
It is also worth noting that for gauge fields propagating in the 5D KS background
ds2 = ds25 = h
− 1
2 (τ)ηµνdx
µdxν − h 12 (τ)dτ2
the relative couplings do not shift significantly from those of the RS model. For example for an
Ω = 1015 gives F1 ≈ 7.30 and F2 ≈ 8.05. Clearly in the Klebanov-Strassler background the main
effect on the gauge Higgs coupling is related to the growing size of the internal space, not to the
modified warp factor.
As mentioned before it is probably not meaningful to convert these large couplings into EW con-
straints using the naive tree level calculation of the previous section. However we can infer that
the constraints would be very large and any KK gauge bosons clearly would be outside the reach
of LHC. We conclude that bulk gauge fields in a Klebanov-Strassler background do not constitute
a viable weak scale extension of the SM.
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10−35 but the results are not significantly dependent on this value.
5 Discussion and Conclusions
In this paper we have computed the tree level contribution to EW observables arising from SM
particles propagating in a D dimensional spacetime warped with respect to a single extra dimension.
It is found that the corrections are largely dependent on three parameters the relative gauge-Higgs
coupling, relative gauge-fermion coupling and inversely related to the KK mass scale. In a best
case scenario it is assumed that the gauge-fermion coupling could be suppressed by localising the
fermion zero mode away from the KK gauge fields. In 5D this is straight forward to do with the
inclusion of a bulk Dirac mass. However in D > 5 it is less clear that the appropriate boundary
conditions can be found so as to achieve this and still regain the correct low energy 4D effective
chiral theory. An alternative to this scenario would be to localise the fermions on the IR brane
in which case the relative gauge fermion coupling would simply be the same as the relative gauge
Higgs coupling. A worst case scenario would of course be that the gauge-fermion coupling is larger
than the gauge fermion coupling.
In the above three possibilities what is clear is that if a space has a large relative gauge-Higgs cou-
pling then the KK mass scale must be large to fit with existing observations. In 5D we demonstrate
that if a space resolves the gauge hierarchy problem using warping, while it is not impossible to
have a small gauge Higgs coupling (Fn . 1), it would require a quite contrived space. Hence we
agree with [18] in saying that large EW constraints are a generic feature of 5D ‘natural’ spaces that
resolve the hierarchy problem through warping.
However in D dimensions we find that the relative gauge-Higgs coupling appears to scale as a func-
tion of the warp factor. By studying a space in which the radius of the internal space is increasing
(decreasing) towards the IR brane, it is found that the gauge-Higgs coupling is significantly sup-
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pressed (enhanced). Although this is demonstrated for a space where the internal radius varies as a
power law, it is straight forward to demonstrate that it holds for other spaces. This effect is due to
the volume enhancement/suppression of the coupling effecting the excited KK modes (in warped
spaces) differently than those of the zero mode. Such spaces would of course have significantly
raised/lowered EW constraints. This result is tested by computing the gauge-Higgs coupling for
fields propagating in the Klebanov Strassler solution [12]. It is found that if the warp factor is
taken to be Ω = 1015 then the first KK gauge mode couples to the IR brane with the strength of
about 210 times that of the zero mode. Hence such a model would not offer a viable resolution to
the gauge hierarchy problem.
Throughout this work the emphasis has been on keeping the model as generic as possible, although
it is very difficult to say anything in complete generality, counter examples can nearly always be
found. For a start we did not consider the most general metric, it would be interesting to consider
the effects of warping in more than one dimension. We also did not complete a thorough study
of the fermions, although it is unlikely to change our results if we had. We have also only worked
using a naive tree level analysis which is of course not valid when the gauge-Higgs couplings become
large, but once again it is hard to see how our results would change had we done a more thorough
analysis.
The central point of this paper is that D > 5 spaces with warped internal manifolds have very
different phenomenology to the 5D RS model and clearly more work is needed before we can begin
to match experimental data to models.
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